Pectic homogalacturonan (HG) is one of the main constituents of plant cell walls. When processed to low degrees of esterification, HG can form complexes with divalent calcium ions. These macromolecular structures (also called egg boxes) play an important role in determining the biomechanics of cell walls and in mediating cell-to-cell adhesion. Current immunological methods enable only steady-state detection of egg box formation in situ. Here we present a tool for efficient real-time visualisation of available sites for HG crosslinking within cell wall microdomains. Our approach is based on calcium-mediated binding of fluorescently tagged long oligogalacturonides (OGs) with endogenous de-esterified HG. We established that more than seven galacturonic acid residues in the HG chain are required to form a stable complex with endogenous HG through calcium complexation in situ, confirming a recently suggested thermodynamic model. Using defined carbohydrate microarrays, we show that the long OG probe binds exclusively to HG that has a very low degree of esterification and in the presence of divalent ions. We used this probe to study realtime dynamics of HG during elongation of Arabidopsis pollen tubes and root hairs. Our results suggest a different spatial organisation of incorporation and processing of HG in the cell walls of these two tip-growing structures.
INTRODUCTION
The biological functions of plant cell walls are established not only by their composition per se but also by their precise molecular structures and intramolecular associations (Burton et al., 2010; Albersheim et al., 2011) . Cell wall features can be fine-tuned according to local functional requirements, even within specific cell wall microdomains (Burton et al., 2010; Albersheim et al., 2011; Monniaux and Hay, 2016) . One of the most dynamic cell wall components is the pectin homogalacturonan (HG), consisting of a-(1?4) linked D-galacturonic acid units. Post-synthetic processing of HG in muro underpins many cellular and developmental processes (Palin and Geitmann, 2012; . It is generally accepted that HG is synthesised in the Golgi apparatus (Atmodjo et al., 2013; Anderson, 2016) and secreted in an esterified form and further processed by cell wall-located pectin methylesterases (PMEs) (Palin and Geitmann, 2012; S en echal et al., 2014; Levesque-Tremblay et al., 2015) . These PMEs hydrolyse the methyl esters, producing polyanionic HG polymers than can form stable complexes (gels) with divalent cations, most commonly with calcium (Grant et al., 1973; Willats et al., 2001 ; Figure 1a ). These 'egg box' structures are abundant in the middle lamellae between adjacent plant cells and are critical for mediating cell-to-cell adhesion in plants (Willats et al., 2001; Bouton et al., 2002; Mouille et al., 2007; Palin and Geitmann, 2012; Daher and Braybrook, 2015) .
Homogalacturonan gels also largely determine the mechanical properties of cell walls. Spatiotemporally modulated de-esterification of HG has been shown to be instrumental in meristem formation (Peaucelle et al., 2008 (Peaucelle et al., , 2011 , hypocotyl elongation (Pelletier et al., 2010; S en echal et al., 2015) and border-like cell separation (Mravec et al., 2014) . The gelling capacity of HG is not only determined by the degree of esterification (DE) but is also influenced by other structural features, such as the degree of substitution with other sugars (Willats et al., 1999 (Willats et al., , 2004 Morra et al., 2004; Figure 1a) . Detailed imaging of these processes in real time requires high-resolution probes with minimal processing of the living material. A large selection of carbohydrate-specific monoclonal antibodies (mAbs) commonly used to localise HG in fixed and sectioned samples already exists; however, immunohistological methods are cumbersome for use in real-time experiments and are prone to the masking effect caused by other polysaccharides which hinders the accessibility of the antibody to the epitope (Willats et al., 1999; Verhertbruggen et al., 2009; Herv e et al., 2011) . Additionally, mAbs are developed under mammalian physiological conditions with a pH of 7-7.5, whereas the physiological pH of the apoplast is much lower.
We have already described specialised reciprocal oligosaccharide-based probes for HG and de-acetylated chitin (chitosan) (Mravec et al., 2014) . The positively charged chitosan oligosaccharide (COS) probes bind to deesterified HG, and vice versa oligogalacturonide (OG) probes bind to chitosan. Although the COS probe localises to de-esterified HG it does not demonstrate the formation of a calcium-mediated complex or imply the ability of the target HG to do so per se. Binding of COS is dependent on ionic strength, so the binding might be influenced by other local environmental factors such as pH or the presence of other ions and polyionic molecules. Binding of COS to HG can also significantly affect cell wall homeostasis (Cabrera et al., 2010) . Only one antibody (designated 2F4) has been reported to recognise HG in the egg box formation (Liners et al., 1989) . Our approach was to use the complex-forming ability of HG itself as a base for producing in vivo probes, and we developed a novel oligogalacturonidebased probe to visualise the sites of egg box formation in situ. We characterised the specificity of the probe using a variety of approaches and compared binding specificity with existing anti-HG probes in various plant systems. Using the new probe we were able to visualise and compare the dynamics of HG processing during pollen tube and root hair growth in real time and obtained new insight into the distinctive ways that the HG matrix operates in these tip-growing cellular structures.
RESULTS

Synthesis of the probes and analysis of their binding ability on Arabidopsis stem sections
Our aim was to use OGs long enough to form stable complexes with polygalacturonic chains in an environment containing calcium ions (Figure 1b ). First we tested OGs with a degree of polymerisation (DP) of 7, previously used as a probe against chitosan (Mravec et al., 2014; hereafter designated as OG7 488 ). Co-incubation of OG7 488 and 1 mM calcium (CaCl 2 ) with Arabidopsis stem sections did not yield any labelling (see below). We concluded that the DP7 is not long enough for OG to form a stable egg box complex. Hence we tried to use a longer OG preparation previously applied in physiological studies related to pathogen and hormonal signalling (Bellincampi et al., 2000; Savatin et al., 2014; Gravino et al., 2015; Gramegna et al., 2016) . We precisely determined the DP distribution of this preparation and performed matrix assisted laser desorption ionisation-time of flight (MALDI-ToF) analysis, which showed that the sample is a mixture of oligomers with lengths between DP 7 and DP 13, with the most abundant DP being 10 (hereafter designated OG7-13; Figure S1 in the Supporting Information). This sample was modified at the reducing end with aminooxy derivatives of fluorophores Alexa Fluor 488 and 647, as previously described (Mravec et al., 2014) , to generate probes OG7-13 488 and OG7-13 647 , respectively.
Contrary to the shorter OG7 488 , OG7-13 488 was able to label fresh sections of Arabidopsis stem when co-incubated with calcium (1 mM CaCl 2 ) ( Figure S2a -c). To determine if binding of OG7-13 488 was indeed due to the formation of calcium complexes with endogenous deesterified HG, we performed several control experiments. The lack of calcium in the labelling mixture resulted in no signal ( Figure S2d ), implying that exogenous calcium is required to stabilise new complexes. Furthermore, pretreatment of sections with the HG-degrading enzymes polygalacturonase and pectate lyase diminished OG7-13 488 labelling ( Figure S2e-g ). These initial in situ experiments showed that OGs with sufficient chain lengths can indeed associate with endogenous HG via calcium.
Characterisation of the specificity of OG7-13 488 using carbohydrate microarrays
We characterised the specificity of OG7-13 488 binding by using carbohydrate microarrays populated with defined polysaccharide and proteoglycan cell wall components, as well as a set of pectins with various degrees and patterns of esterification (Pedersen et al., 2012) . No binding could be observed when the arrays were incubated with OG7 488 or OG7-13 488 when no cation was present (Figures 2 and   S3 ). However, a highly specific recognition pattern was observed with OG7-13 488 after co-incubation with divalent cations. OG7-13 488 only bound to pectin samples on the arrays and the intensity of binding was inversely correlated with the DE (Figure 2 ). The strongest binding was observed for lime pectins de-esterified to low levels by fungal (11% DE, random pattern) and plant PMEs (16% DE, block-wise pattern) with a gradual decrease of binding towards higher DEs. As expected, OG7-13 488 also bound to polygalacturonic acid (Danisco) and commercial pectin (CPKelco). Some binding was observed for rhamnogalacturonan I (RGI) isolated from potato for all probes, suggesting the presence of de-esterified HG as part of the RG I in this preparation ( Figure S3 ). Arabidopsis stems are widely used as a model to study specialised cell walls of differentiated cell types. First, we studied the binding of oligosaccharide-based probes on fresh stem sections obtained from 1-month-old Arabidopsis plants from the region 1-2 cm above the leaf rosette. Figure S4 (a,b) shows phluoroglucinol and toluidine blue staining of the sections with the indication of the different cell types. By using OG7-13 488 on the same sections, labelling was visible in all cells with primary cell walls, with no detectable signal in the cells with secondary cell walls of xylem and interfascicular tissue ( Figure S4c ). Contrary to OG7-13 488 , COS 488 labelling could also be observed in interfascicular tissues; however, COS 488 staining was generally weaker in the phloem and cortex cell walls compared with OG7-13 488 ( Figure S4d ). These not entirely identical binding patterns of OG-and COS-based probes point to potentially different penetrative abilities or slightly different affinities of the two probes to HG as observed on microarrays. A closer examination of pith parenchyma revealed the highest binding of both OG7-13 488 and the far-red variant OG7-13 647 to triangular junctions with enhanced binding to cell corners ( Figure S4e,f) . By scanning with higher photomultiplier (PMT) gain settings, we could also detect a more delocalised signal distributed throughout the cell walls ( Figure S4f,g ). Consistent with the results from defined microarrays, the binding of OG7-13 488 in situ was also strongly dependent on calcium concentration: a CaCl 2 concentration of at least 0.5 mM was required for binding, and labelling was restricted to the corners of the cell ( Figure S5 ). Colabelling with Calcofluor White, a dye specific for b-glucans, and JIM7 mAb, which recognises HG with a high DE, revealed distinct cell wall microdomains of HG esterification levels in muro (Figure 3 ). The JIM7 signal was present in the cell wall region closer to the plasma membrane, while the OG7-13 488 signal was localised to the lining of intercellular spaces (Figure 3 ). Subsequently, we studied the properties of OG7-13 488 -binding sites in higher resolution on semi-thin sections of resin-embedded Arabidopsis stems (for morphological analyses see Figure 4a ,b) and performed several types of pre-treatments of the sections before labelling (Figure 4c-h): (i) polygalacturonase treatment completely removed the OG7-13 488 binding sites, whereas (ii) pre-treatment with the calcium chelating agent 1,2-diaminocyclohexanetetraacetic acid (CDTA) destroyed endogenous egg boxes, thus exposing more binding sites for OG7-13 488 . This could be observed as a stronger signal in triangular intercellular junctions and a new signal in middle lamellae ( Figure 4f ).
(iii) Pre-treatment with PME generated binding sites from the hitherto esterified HG and, as expected, OG7- 13 488 binding was observed throughout cell walls. (iv) De-esterification by chemical means using 100 mM NaOH had the same effect as PME treatment. These experiments demonstrate that OG7-13 488 does not bind to existing egg box sites, which can be destroyed by calcium chelation; they also show that there is a considerable amount of HG that is not available for binding to OG7-13
488
, due to the presence of ester groups. OGs can be therefore used in conjunction with different treatments to study pre-existing egg boxes, readily available sites and the esterified stretches of HG.
2F4 mAb differs from OG7-13
488 in labelling of cell wall microdomains in stem sections
We compared OG7-13 488 labelling with that by 2F4 mAb, reported to recognise the HG-Ca 2+ complex (Liners et al., 1989) . The labelling obtained with 2F4 was generally weak and confined to the tissues also stained by OG7-13 488 , that is the epidermis, cortex and pith parenchyma ( Figure S6 ). Pre-treatment with polygalacturonase completely removed the signal from primary cell walls, showing the specificity of 2F4 towards HG ( Figure S6 ). Closer examination at higher magnification showed some labelling of cell wall microdomains but this was not well defined in the triangular junctions. Thus, although giving very similar recognition pattern in microarray analysis, the 2F4 antibody and OG7-13 488 show a different in situ labelling pattern, which could be due to a difficulty of the antibody with penetrating cell wall matrices or due to masking of the epitopes by other polysaccharides. Determination of the specificity of the OG7-13 488 using defined carbohydrate arrays. Anti-pectin probes were incubated with defined arrays containing a large selection of cell wall components. The intensity of the heatmap colour represents the strength of the binding and is directly correlated to the numerical value. The strongest signal was assigned value 100. The cut-off signal was set to 10. No binding could be seen for OG7 488 or when no cation (calcium or zinc) was present. 488 bound only to pectins with a relatively low degree of esterification. The strength of the binding correlated with the concentration of CaCl 2 ; 0.5 mM but not 0.1 mM CaCl 2 was sufficient for binding. Incubation with 1 mM ZnCl 2 resulted in binding with higher strength than 1 mM CaCl 2 but with lower discrimination between the degree of esterification (DE) 
OG7-13
488 can be used to rapidly study algal HG in vivo
We also tested OG7-13 488 as an anti-HG probe in vivo on whole organisms. The synthesis of HG originated early in the evolution of the Streptophyta, i.e. the group of extant green plants that includes the charophycean green algae and land plants (Sørensen et al., 2011) . Many unicellular species of the charophycean group Zygnematophyceae possess cell walls that are rich in HG complexes that form highly distinctive structures on their outer wall surfaces. The topology of these structures and the dynamic events that occur during their formation can be monitored using live cell labelling protocols . Previous methods used to visualise these structures have employed anti-HG mAbs and COS probes (Sørensen et al., 2011; Domozych et al., 2014; Mravec et al., 2014) . In this study, we tested the new probe in vivo on three species of unicellular charophytes. Labelling with OG7-13 488 revealed in high resolution the HG-rich cell wall structures that are typical for the particular species ( Figure 5 ): the lattice-like assembly of the outermost layer of the cell wall of Penium margaritaceum, the outer fringes of the pore complexes found in the secondary cell wall of Closterium acerosum and the punctate pore coverings of the cell wall of Micrasterias sp. These experiments demonstrate the diversity of the calcium-crosslinked pectin gel matrix, which very likely gives these structures mechanical stability, and might also support the role of these pectin polymers in the evolution of the middle lamella . They also show that OG-based probes represent a rapid and effective tool in the study of the evolutionary aspects of HG function in plant multicellularity.
Dynamics of Arabidopsis pollen tube HG dynamics studied in real-time
Some of the best models for studying rapid cell wall formation in land plants are tip-growing cellular structures: pollen tubes and root hairs (Gu and Nielsen, 2013; Hepler et al., 2013; Rounds and Bezanilla, 2013; Grierson et al., 2014; Larson et al., 2014) . We utilised Arabidopsis pollen tubes and root hairs to test the versatility of the probes further through real-time analysis of HG dynamics. It is known that the cell walls of pollen tubes are primarily constructed of pectins with relatively low amounts of cellulose Chebli et al., 2012) . Analyses of pollenspecific PME and PMEI trafficking and immunolocalisation of HG epitopes suggest that methyl-esterified HG is secreted at the tip and is then de-esterified behind the tip by the PMEs released from inhibition by PMEIs (R€ ockel et al., 2008; Dardelle et al., 2010) . Immunohistological experiments showed that the newly synthesised highly esterified HG recognised by JIM7 mAb was present at the tip whereas the partially de-methyl-esterified HG recognised by JIM5 mAb was located in the subapical region, suggesting a 'fountain-like' progression of HG secretion and subsequent de-esterification Lehner et al., 2010; Sanati Nezhad et al., 2014) . We performed co-labelling experiments of the pollen tubes with OG7-13 488 and JIM7 to corroborate this theory, and we could indeed observe tip-specific JIM7 labelling that was progressively replaced by the OG7-13 488 signal present at the shank but completely absent at the tip of the pollen tube (Figures 6a and S7) . Although co-labelling with JIM5 was not successful, most likely because of partially shared epitopes, we could confirm the absence of JIM5 binding to the tip of the pollen tube ( Figure 6b ). Next, we monitored the incorporation of OG7-13 488 in pollen tubes in real time. First, we investigated whether the OG had any inhibitory effect on germination or tube elongation. OG7-13 at a concentration of 10 lg ml À1 in the medium had some negligible effect on the rate of germination ( Figure S8 ). To accomplish real-time visualisation, we let the pollen germinate and grow directly inside chambered coverslips filled with germination media supplemented with the probe (1:500 dilution) and scanned by an inverted laser scanning confocal microscope (LSCM) (Figure 6b) . Since the standard pollen germination medium (Rodriguez-Enriquez et al., 2013) already contained 1 mM CaCl 2 there was no requirement for any further modification or supplementation. Sequential scans of the growing pollen tube indeed showed that the probe is being continuously incorporated in the main body of the pollen tube over the course of its elongation (Figure 6c , Movie S1). The main body is conclusively the site of the HG crosslinking required for integrity of the entire cellular structure (Fayant et al., 2010) . These experiments demonstrate the potential for real-time imaging of HG post-synthetic processing using an OG probe and strongly support the proposed model of pectin matrix layout in pollen tubes.
Root hairs show a different HG labelling pattern than pollen tubes
A root hair is an elongated tube-like cellular structure derived from a root trichoblast that develops via a polar, tip-growing mechanism (Gu and Nielsen, 2013; Grierson et al., 2014) . We used Arabidopsis root hairs for developmental analysis of the pectin dynamics involved in polar growth and for comparison with the pollen tube. Unlike in the pollen tube, in vivo labelling of the root hairs with OG7-13 488 showed a rather even distribution of the signal along the root hairs from the point of their initiation to the apex (Figure 7a-f ). This could be quantified as a ratio between the signal present at the tip and the main body at an approximate distance of 20 lm from the apex (Figure 7g) . Moreover, when grown in the presence of the PME inhibitor (-)-epigallocatechin gallate (Lewis et al., 2008; or pre-digested with polygalacturonase, the OG7-13 488 signal was strongly reduced along the entire root hair ( Figure S9a-c) . These experiments indicated that, unlike in the pollen tube, de-esterified HG available for crosslinking is present throughout the root hair cell wall, including its tip. In order to further elaborate on this observation, we performed, in a similar manner as for the pollen tube, real-time imaging of the growing root hair in the MS medium. Movie S2 shows the young root hair after emergence scanned over a period of 45 min during which it elongated by approximately 1-1.5 lm. The signal of bound OG7-13 488 significantly increased over this period in the entire cell wall but without any specific pattern.
Longer real-time scanning of entire root hairs is very difficult due to constant root movement and stress inflicted upon the root hairs. In order to monitor the formation of OG7-13-binding sites over a longer period of time, we performed sequential labelling experiments using two fluorescent variants of the probe (Figures 7h and S9d-h ). Firstly, we labelled the seedlings using the red variant OG7-13 647 , washed them and let them grow in the MS medium for an additional 4 h. The seedlings were re-labelled with the green variant OG7-13 488 and observed. In theory, this experiment should visualise initial OG7-13-binding sites and those freshly formed over the 4-h growth period. The scans and overlays of the two channels showed a large overlap with no clear distinction ( Figure S9g ), which again pointed to the possibility that the formation of OG7-13 epitopes has no elaborate spatial pattern as is the case for pollen tubes.
To confirm these observations we labelled fixed whole mount root hairs with the JIM5 and JIM7 mAbs (Figures 7i ,j and S9i,j). No signal could be observed for JIM5, which is in line with previous reports on live non-sectioned material (Larson et al., 2014) . On the other hand labelling with JIM7 produced a specific signal which could be observed along the root hair cell wall but often appeared in a punctate pattern, suggesting distinct periodic secretion events (Figure 7i,j) . Interestingly, a similar pattern was also noted in the visualisation of pectin post-synthetic delivery using click chemistry (Anderson et al., 2012) . In addition, in longitudinal sections of the resin-embedded root hairs, the JIM7 signal was observed inside cellular compartments (Figure 7k ). To relate the observed pattern to the general secretion machinery that operates in the root hair, we also analysed the mRFP Golgi marker line, wave 18R (Geldner et al., 2009) compartments marked with mRFP signal in wave 18R were detectable alongside the root hair (Figure 7l) . Similarly, secRFP-marked compartments were equally distributed below the wall along the root hair and did not exclusively accumulate at the tip (Figure 7m ). These compartments showed aggregation in the presence of the exocytosis inhibitor brefeldin A (BFA) (Klausner et al., 1992; Geldner et al., 2001) . The aggregates ('BFA bodies') were found in the centre of the hair at a considerable distance from the tip (Figure 7n ). These results strongly suggested that the spatial distribution of the secretion machinery is not exclusively restricted to the apical region.
DISCUSSION
We demonstrated the potential for real-time imaging of calcium-mediated crosslinking of HG in muro using fluorescently tagged long oligogalacturonides (OG7-13). This oligosaccharide-based type of probe has similar but not identical specificity towards HGs with low DE as the COS probe reported earlier (Mravec et al., 2014) . The main advantage resides in direct one-step labelling in a buffer with a pH value close to the apoplastic pH or directly in the growth medium. The ease of conjugation of OGs to other molecules using reducing ends offers high versatility in the choice of the detection tags (fluorescent, nanogold or enzymatic). Different fluorescent variants enable studies on the progression of egg-box-site formation during the growth of plant organs and can also be used in multispectral co-labelling experiments. The advantage of the OG7-13 probe over the COS probe is that it does not rely solely on the ionic interaction which can occur with other polycationic molecules. Moreover, it utilises an endogenously occurring phenomenon that most likely does not extensively affect cell wall homeostasis of the studied object at a low concentration of the probe. Additionally, we propose that the de-esterified HG regions that bind to the COS probe due to the presence of oligo/ polyanionic blocks that are long enough for ionic interactions are different from the regions bound by the novel OG7-13 probe, which probably requires fewer calciummediated interactions. This provides additional and not necessarily equivalent information about the relation of the local degree of de-esterification of the HG and the ability of HG to form calcium complexes as two similar but not necessarily coinciding properties as indicated by microarray analysis.
On the other hand OGs are also damage-associated molecular patterns (DAMPs; Vallarino and Osorio, 2012; Ferrari et al., 2013) , and in vivo labelling might trigger defence-related signalling. This could be overcome by using the lowest possible concentration of the probe and short labelling times. The concentration of the OG7-13 used in this study is one order of magnitude lower than that used for studies of the DAMP effect and showed no significant retardation of the growth when tested on pollen. Another drawback associated with the OG7-13 probe is that OGs are relatively long and charged molecules which might make them unsuitable for in vivo labelling of plant organs covered with a cuticle.
Here, we utilised an OG7-13 probe to study HG secretion and de-esterification dynamics on two tip-growing cellular structures. Both root hairs and pollen tubes elongate in a unidirectional fashion, but there are important differences in their function, size and the velocity of their elongation. For instance the pollen tube can elongate at a much higher rate (up to 1 lm sec À1 ) than a root hair (up to 1 lm min À1 ) (Chebli et al., 2012; Grierson et al., 2014) . These physiological differences are clearly reflected in the specific mechanisms of build-up of their nascent cell walls. Based on our results we postulate a hypothesis that the pectin components of root hair cell walls are formed by a uniformly deposited pectin matrix rather than an elaborate tip secretion/shank de-esterification pattern that is typical of the pollen tube. Although not fully proven, this idea provides an interesting base for future research on the biology of root hair cell walls.
The presented probe can also be used in thermodynamic analysis of egg box formation. By comparing the complex-forming ability of OGs of different lengths (DP7 compared with DP7-13) we also support the recently proposed molecular dynamics model of in situ egg boxes (Grant et al., 1973; Braccini and P erez, 2001; Assifaoui et al., 2015) . The model, based on isothermal titration calorimetry (ITC) experiments and consequent calculations, proposes that for a stable crosslink-forming complex to form, one calcium ion needs to mediate an interaction between at least every fifth pair of galacturonic acid units (Assifaoui et al., 2015) . By extrapolating these data, we can approximate that the binding event occurs only with OG probes that are long enough to allow at least two calcium ion bridges with HG necessary to stabilise the complex sufficiently for binding to be detectable. We also support the notion that zinc has a different capacity as a mediator of the complex and possibly binds to galacturonic acid as to a monodentate ligand (Assifaoui et al., 2015) . On the basis of that information and our data, we propose that most likely only one zinc cation is required to mediate binding of OG7-13 to HG. This supports our hypothesis that when OG7-13 probes bind to a stretch of de-esterified HG, they need approximately two calcium ions to allow binding at two binding sites, whereas COS probes probably depend on more binding sites mediated by the interaction of positively charged protonated amino groups and negatively charged deprotonated carboxyl groups.
In conclusion, this type of small oligosaccharide-based molecular probe is an important addition to the repertoire of cell wall imaging tools. The demonstrated versatility of the long OG probe that depends on calcium complexation for binding adds another dimension to COS probes, whose interaction with HG is based on ionic interaction. We believe that future application of this probe will greatly facilitate studies of the challenging aspects of HG dynamics, such as in meristem formation and tissue patterning, as well as provide a highly efficient and flexible tool for real-time in vivo imaging.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
We used the following lines of Arabidopsis thaliana: wild-type Col-0, secRFP (Faso et al., 2009) and wave 18R (Geldner et al., 2009) . The adult plants were grown in the greenhouse under long day at 20-23°C. Arabidopsis seedlings were grown vertically on solid MS medium (Duchefa, M0221) with 1% sucrose for 3 days before analyses. The flowers of 4-to 5-week-old plants were used for pollen germination studies which were performed on the pads made of medium covered by cellophane in a wet chamber as described (Rodriguez-Enriquez et al., 2013) . The charophytes Penium margaritaceum, Closterium acerosum and Micrasterias sp. were grown in sterile liquid Woods Hole medium at 18°C under a 16-h light, 8-h dark photocycle. Cells were collected during log phase growth (i.e. 10-14 days after the start of a subculture) by gentle centrifugation (500 g for 1 min), and were washed three times with fresh medium before the labelling experiments.
Synthesis of the probes
Sample of OGs used to generate the conjugates to fluorescent tags were prepared as previously described (Pontiggia et al., 2015) . The OGs were conjugated to aminoxy derivatives of the Alexa Fluor dyes 488 and 647 (A30629 and A30632, Invitrogen, http://www.invitrogen.com/) using the method described for OG7 (Mravec et al., 2014) . The concentration of the synthesised probes is approximately 1 mg ml À1 .
Sectioning of the fresh and embedded Arabidopsis stems
The Arabidopsis stem sections for vibratome sectioning were embedded in 8% agarose and 100 lm thick sections were generated using a Leica VT1000S vibratome (http://www.leicabiosystems.com/). The samples were incubated in the solution in the microsieves. Calcofluor white (Fluorescent Brightener 28; F3543, Sigma, http://www.sigmaaldrich.com/) was used as a counterstain from (10 mg ml
À1
) stock solution in water at 1:100 final dilution. The FM4-64 (T-3166, Invitrogen, http://www.invitrogen.com/) was used as 1 mM stock solution in DMSO and a final concentration of 1 lM. For embedding in LR White resin (62661, Sigma) the specimens were fixed in 4% formaldehyde in PBS washed and dehydrated in series of methanol:water mixtures up to 100% methanol. The methanol was substituted by 1:1 mixure methanol:LR White resin for at least 8 h and samples were finally embedded in pure resin overnight. The polymerisation was initiated at 60°C overnight. The blocks were cut on a Leica EM-UC7 ultramicrotome and the 1 lm thick sections were mounted on SuperFrost slides. Staining was then performed on the slides using the same conditions as for fresh samples.
Immunohistochemistry
The pollen was germinated on the cellophane pads which were removed after 4 h and fixed with 4% formaldehyde (Sigma) in a 24-well plate. The 4-day-old seedlings were removed from the MS plates to microsieves and fixed with 4% formaldehyde. The fixation was followed by two washes with PBS. The whole mount samples and resin sections adhered to SuperFrost slides were blocked with 5% milk powder in PBS for 15 min and probed with primary antibody. Probing with JIM5 and JIM7 mAbs (PlantProbes, http://www.plantprobes.net/) was done using 1:10 diluted mAbs in 5% milk powder/PBS. Probing with 2F4 mAb (Plant Probes) was done using 1:100 diluted mAb in T/Ca/S buffer [20 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, 0.5 mM CaCl 2 and 150 mM NaCl, pH 8.2] with 5% milk powder. After 1 h incubation the probing solution was removed and samples were washed three times with PBS and probed for 1 h with anti-rat secondary antibody conjugated to Alexa Fluor 555 (A-21434, Invitrogen) in the case of JIM5 and JIM7 or anti-mouse antibody conjugated to Alexa Fluor 488 (115-545-044, Jackson Immunoresearch, https://www.jacksonimmuno.com/) diluted 1:300 in 3% BSA in PBS. The samples were washed three times with PBS and probed with OG7-13 488 and Calcofluor White as other samples.
Live cell labelling of algae
After repeated washings and collection by centrifugation (500 g for 1 min), the algal cell pellets were resuspended in Woods Hole medium containing 25 mM 2-(N-morpholine)-ethanesulphonic acid) (MES) and supplemented with 1.5 mM CaCl 2. The pH was adjusted to 5.7 with KOH. After 10 min the cells were centrifuged and the pellet resuspended in a solution of 1 ll ml À1 of OG7-13 488 in the aforementioned pH 5.7 buffer. The cells were incubated in the dark with gentle shaking for 90 min. The cells were then collected by centrifugation and the pellets were washed three times with Woods Hole medium. Microscopic observation occurred within 4 h of labelling.
Enzymatic and chemical treatments and labelling
For the enzymatic treatment of the sections we used the endopolygalacturonase (E-PGALUSP, Megazyme, https://www.mega zyme.com/) in 100 mM sodium acetate buffer pH 4.2 at 5 U ml À1 , pectate lyase (E-PECLY, Megazyme) in 100 mM TRIS-HCl, pH 8.0 at 0.5 U ml À1 and orange peel PME (P5400, Sigma) in PBS pH 7.6. at 1 U ml
À1
. Incubations were done at room temperature (22-24°C). After the treatment, the samples were washed twice with 25 mM MES buffer, pH 5.7 and probed like the other samples. Then 50 mM CDTA was used for a short wash (10 min) to remove endogenous calcium. Epigallocatechin gallate (E4143, Sigma) stock was prepared at 10 mM in water and used at a final concentration of 50 lM. The BFA (B7651, Sigma) stock was prepared in DMSO and used at a concentration of 50 lM for 1 h following washout and probing. The OG probing was performed in 25 mM MES buffer, pH 5.7, with 1 mM CaCl 2 (if not indicated otherwise) for 30 min, washed twice and co-labelled with other dyes. The samples were mounted in 10% glycerol in MES buffer.
Laser scanning confocal, real-time imaging, light microscopy and quantification
The labelled samples were scanned using a Leica SP5 or Olympus Fluoview 1200 confocal laser scanning microscope equipped with UV diode (405 nm), argon (488 nm) and helium-neon (543 nm) lasers. All images presented were recorded on root hairs shorter than 100 lm (except for Figure 7n ) and for all experiments considerable numbers of root hairs (usually at least three from five independent roots) below 20 lm were also inspected. Pollen tubes were analysed 4 h after germination. Real-time imaging of pollen tube growth was performed in liquid pollen germination medium (Rodriguez-Enriquez et al., 2013) in four-chambered cover slips (Thermo-Fisher, 155383) with a probe dilution of 1:500. The realtime imaging of root hairs was performed in MS medium supplemented with 1 mM CaCl 2 and OG7-13 488 at 1:500 dilution. All imaging was performed at room temperature. The light microscopy images were taken on an Olympus BX41 equipped with a ColourView I camera. The signal intensities were calculated using ImageJ (https://imagej.nih.gov/ij/). The images were processed using GIMP2 software for contrast and brightness enhancement and images for signal comparison were treated equally.
Defined carbohydrate microarrays
The defined carbohydrate microarrays were prepared by printing carbohydrate solutions on the nitrocellulose membrane using microarray printers as described (Pedersen et al., 2012; Mravec et al., 2014) . The arrays were blocked in 5% milk/PBS for 30 min and then incubated in 25 mM MES, pH 5.7, containing the OG conjugates at a 1:500 dilution for 1 h at 4°C with various concentrations of CaCl 2 or ZnCl 2 . The arrays were washed with MES buffer twice, dried and scanned by GenePix scanner using the 488 nm laser. The signals on the scans were quantified using ProScanArray Express software (Perkin Elmer, http://www.perkinelme r.com/) by quantifying the colour saturation of spot signals. The values for all the signals were then normalised to a scale of values from 0 to 100 and transformed into a heatmap. The values for 2F4 mAb staining were normalised separately as that staining was performed differently because of indirect immunodetection, as described in the section Immunohistochemistry.
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